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Abstract: We report on the fabrication of TiO, nanosphere (NS) monolayer arrays for the enhancement
of light extraction quantum efficiency of GaN-based light-emitting diodes (LEDs). The fabricated
TiO, NSs monolayer arrays were composed of different phases of anatase (An-) and amorphous (Am-)
TiO,. The arrays were transferred onto the topmost layer of LED chips via the facile icing transfer
method. The LED chips covered with Am-TiO, NS monolayer arrays showed 3.0- times enhanced
light output power intensity compared with reference LED chips at a fixed injection current of 100 mA.
The enhanced light extraction of LED chips by an Am-TiO, NS monolayer can be attributed to a high
transmittance (91.1%) in visible and increased light extraction probability of photons generated in
LEDs, resulting from the enhanced light coupling efficiency by reduced total internal reflection (TIR).
Finite-difference time-domain (FDTD) simulation results also agreed well with the experimentally
observed results. Based on the experimental and theoretical results, our suggested Am- and An-TiO,
NS arrays can be considered a very facile and effective method to improve the device performance of
various visible LED chips.
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1. Introduction

Titanium dioxide (TiO;) has received a great deal of attention for its various appli-
cations in solar cells [1], gas sensors [2], photodetectors [3], lithium-ion batteries [4], and
other optoelectronic devices [5] due to its superior properties such as chemical stability [6],
high photocorrosion resistance [7], and non-toxicity [8]. Among the versatile applications
of TiO, nanostructures for light generation and guiding, diverse surface morphologies
such as nanoparticles [9], nanotubes [10], nanowires [11], submicron/nanospheres [12,13],
and mesoporous structures [14] have been extensively investigated. For light extraction
enhancement of GaN-based light emitting diodes (LEDs) to achieve high quantum effi-
ciency, TiO, nanomaterials, including micro-pillars [15] and nanopatterns [16], have been
especially suggested as potential candidates for light extractors that minimize the total
internal reflection (TIR) due to their wide band gap (~3.5 eV at room temperature) [17], high
transmittance (~90%) [18] in the visible region, and refractive indices (1 = 2.8 for the anatase
phase and n = 2.5 for the amorphous phase) intermediate to those of GaN and air [19].

Recently, the utilization of metal oxide nano- and microsphere-type nanostructures
has been reported to augment the light extraction efficiency of LED chips [20,21]. Such
nanostructures offer advantages such as the ease of formation of arrayed nano- and micro-
spheres via a simple transfer method [22]. Previous reports used a poly vinyl alcohol (PVA)
attaching layer to transfer the monolayer array. The use of PVA can, however, degrade
the reliability and efficiency of the LED chips because thermal damage can occur with
the long annealing process at high temperatures necessary for the removal of PVA [23].
Therefore, to universally use the transferrable metal oxide micro/nanosphere monolayer
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without limiting the substrate material, the reduction of post-thermal annealing damage is
an essential issue. Among the possible methods, the icing transfer method may be a good
candidate because during processing, it uses deionized (DI) water as a binder with a soft
baking temperature and short time (60 °C/ 30 s), none of which causes severely harmful
effects, such as the deformation or degradation of the device.

In this study, we fabricated a uniformly arrayed TiO, NSs monolayer with different
crystal structures of amorphous (Am-TiO;) and anatase (An-TiO;) and transferred them
onto the LED chips to enhance the light extraction efficiency. The formation of the ordered
TiO, NS monolayer array and its transfer were conducted by a simple unidirectional
rubbing method and icing transfer method assisted by DI water. Our transferrable TiO, NS
monolayer arrays can be an excellent way to improve the device performance of LED chips.
The experimental and finite-difference time-domain (FDTD) simulation-based theoretical
results confirmed that the Am-TiO, NSs monolayer enhanced the extraction efficiency of
LED chips.

2. Materials and Methods

For the fast synthesis of TiO, NSs, we used a solution process method. First, we
mixed acetonitrile 40 mL, ethanol 50 mL, methylamine and H,O solvents with magnetic
stirring (Solution A). Ethanol 10 mL and titanium isopropoxide (TTIP) solvents were mixed
with magnetic stirring (Solution B). Solutions A and B were mixed together in a 250 mL
round bottom flask at room temperature for 1H. TiO, NSs were collected by centrifugation
and washed with DI water. TiO, NSs were then dried in an oven at 80 °C. The obtained
as-synthesized amorphous TiO; (Am-TiO,) NSs were converted to anatase TiO, (An-TiO;)
NSs through thermal treatment at 450 °C for 4 h.

Structural properties of the synthesized amorphous TiO, (Am-TiO;) and anatase
TiO; (An-TiO,) NSs were investigated by scanning electron microscopy (SEM) (5-4800,
Hitachi, Tokyo, Japan), and a high-resolution X-ray diffraction (HR-XRD) system (SmartLab,
Rigaku, Tokyo, Japan) equipped with Cu-K« radiation (1.54 A). Optical properties of the
TiO, monolayers were analyzed by ultraviolet-visible light (UV-vis) spectroscopy (Lambda
650S, Perkin Elmer, Waltham, MA, USA). To evaluate the light extraction and electrical
properties of the LED chips with TiO, NSs monolayers, light output power—current-voltage
(L-I-V) measurements were conducted (Keithley 2400, Tektronix, Beaverton, OR, USA).

GaN-based LED epi-structures were grown on a c-plane sapphire substrate via metal—
organic chemical vapor deposition (MOCVD). Trimethylgallium (TMGa), trimethyindium
(TMIn) and NH3 were used as the Ga, In, and N precursors, respectively. The LED structures
consisted of a 1 um thick unintentionally doped GaN layer, a 2 um thick n-type GaN layer,
six pairs on an InGaN/GaN multiple quantum well (MQWs) active layer, and a 0.3 um
thick p-type layer. The active layer consisted of six pairs, each with a 3 nm thick InGaN well
layer and a 10 nm thick GaN barrier layer in the MQWs [24]. To fabricate the chip, blue LED
wafers were partially etched by inductively coupled plasma (ICP) until the n-type GaN
layer was exposed. Indium tin oxide (ITO, 100 nm) was evaporated to the surface of p-GaN
for current spreading. Cr/Au electrodes (10/500 nm) were subsequently evaporated as
both n- and p-type electrodes for contact metal. Finally, LED wafers were divided into
chips with an area of 600 x 600 wm?.

3. Results
3.1. Transfer of TiO, Nanosphere Monolayer onto GaN-LEDs

To form the TiO, NS monolayer array, TiO; NSs were formed on a PDMS pad with
the elegant unidirectional rubbing method described in other references [25] and as shown
in Figure 1a. Then, DI water was drop-cast on the surface of the LED chips, and a flipped
TiO, /PDMS pad was placed on them (Figure 1b). After freezing the DI water for 10 min
under —18 °C conditions, the PDMS pad was peeled from the LED chip (Figure 1c). The
TiO; NS structure left behind formed monolayer arrays on the LED chips, as displayed
in Figure 1d.
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Figure 1. Process flow from formation of TiO, monolayer to its transfer on LED chips. (a) Formation
of TiO, NSs ML on a PDMS, (b) drop-casting of DI water and flip of TiO, /PDMS pad, (c) removing
of PDMS from TiO, NSs ML, (d) formation of arrays of TiO, NSs ML on LED chips.

3.2. Structural and Optical Characterization of TiO, Nanospheres

The surface morphologies of Am- and An-TiO, NSs synthesized by solution-based
synthesis method are observed by SEM as shown in Figure 2a,b, respectively. Figure 2a,b
shows the uniformly distributed sizes and morphologies of as-synthesized and calcinated
TiO, NSs. The average diameters of Am- and An-TiO, NSs were measured as 498 £ 5 nm
and 496 £ 5 nm, respectively, as depicted in the inset of Figure 2. The summary of
the size dependence of TiO, NSs with respect to the mixed solution ratio is depicted in
Table S1. Generally, the solution-based synthesis of TiO, NSs is governed by a hydrolysis
process [26]. Initially, the stepwise hydrolysis forms primary TiO, hydrates with sizes of a
few nanometers, which have high surface energy and small electrostatic charges. Hence,
TiO, hydrates agglomerate spontaneously owing to van der Waals attractive forces and
hydrogen bonding among the individuals [27]. As the mass of the TiO; hydrates increases
by gradual aggregation of the individual hydrates, the electrostatic charges build up in the
aggregated TiO, hydrates. When TiO, spheres achieve a certain critical size, the repulsive
interaction becomes sufficiently strong to block the Brownian aggregation, leading to each
TiO, sphere being completely separate and without further increase in size.

To investigate the phase conversion of the TiO, spheres from as synthesized to after
annealing at different temperatures, we analyzed the XRD patterns. Figure 3a shows the
XRD spectra of the Am- and An-phase TiO, NSs drop-casted on the Al,O3 substrate. For
the Am-TiO, NSs, there are no strong peaks in the XRD pattern, indicating that there is
no crystallized phase, as shown (black line) in Figure 3a. By increasing the annealing
conditions to 450 °C for 4 h, strong 26 peaks appeared at the diffraction peaks placed at
25.2°,37.8°,48°,55°, 62.6°,70.3°, and 75°, which are well matched with crystal planes (101),
(103), (200), (105), (204), (220), and (215) of An-structured TiO, (JCPDS No. 21-1272), as
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shown (red line) in Figure 3a. According to the XRD results, we know that as-synthesized
Am-TiO, NSs changed to An-TiO, via heat treatment [28].
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Figure 2. SEM images of (a) Am- and (b) An-TiO, NSs. The inset figure shows the size distributions
of used TiO, NSs.
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Figure 3. (a) XRD patterns of as-synthesized and thermally annealed TiO, NSs and HR-TEM images
and SAED patterns of (b) anatase and (c) amorphous spheres.

Transmission electron microscopy (TEM) images further reveal that the Am- and An-
TiO; NSs have clustered structures and consist of a number of tiny nanocrystals, as shown
in Figure 3b,c. Figure 3b shows the TEM image of An-TiO, NSs with particle diameters
of 496 £ 5 nm. The selected area electron diffraction (SAED) patterns of An-TiO, NSs
show the crystallized An-TiO, NSs with indexing of (101), (103), (200), (105) and (204). The
lattice-resolved HRTEM image clearly demonstrates that the crystal interplanar spacing
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distance of (101) planes of An-TiO, is d = 3.492 A within the primary nanocrystals [29].
Am-TiO; NS, by contrast, does not present any diffraction pattern except for the blurry
ring shape, as in XRD analysis, confirming the amorphous nature of this material.

To investigate the optical properties of the Am- and An-TiO, monolayers, the ab-
sorbance was measured using UV-vis spectroscopy. Figure 4a shows the absorbance spectra
of the Am- (black line) and An- (red line) TiO, NSs monolayers. It clearly shows that the
Am- and An-TiO, monolayers absorb only a range of UV light due to their wide band
gap. We calculated the optical band gap of the used TiO, monolayers from a Tauc plot, as
displayed in the inset image of Figure 4a, by a plot of the (ahv)? versus hv curves [30].
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Figure 4. (a) Absorbance spectra and (b) transmittance of TiO, monolayers using An- (dot-line) and
Am-TiO, (black-line) nanosphere monolayers.

Here, A is a constant, hv is the incident photon energy, E; is the optical band gap,
o is an absorption coefficient, and the value of m is 1/2 for indirect transitions. The
calculated band gaps for the Am- and An-TiO, monolayers are about 3.5 eV and 3.2 eV,
respectively. The bandgaps of fabricated TiO, monolayers are very similar to previously
reported values [31].

In addition, Figure 4b shows the transmittance spectra of the Am-TiO, sphere and
An-TiO; sphere monolayers. The transmittances of the Am-TiO, sphere and An-TiO,
sphere monolayers were, respectively, 91.1 and 83.9% at a 450 nm wavelength. The high
transmittance of TiO, spheres in the visible region resulting from their wide band gap
and thickness of the monolayer indicates that TiO, NSs monolayers can be used as a light
extractor in visible LEDs.

3.3. Effects of TiOy NS Monolyaer on the Device Performance of LED

Following experimental methods, we fabricated TiO, NS arrays/LED chips. Figure Sla,b
shows optical microscope images of a blue LED chip with Am- and An-TiO; NSs. The
images clearly show that the TiO, NS monolayer was successfully formed and transferred
on the fabricated LEDs chip via the icing transfer method. The magnified SEM images
of Am- (Figure Slc,d) and An-TiO, (Figure Sle,f) NS arrays formed on p-GaN show the
well-aligned sphere arrays of Am- and An-TiO, without surface damage.
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The effects on the light extraction efficiency (LEE) of Am-TiO; and An-TiO, mono-
layers being transferred onto LED chips were investigated by optical and electrical perfor-
mance measurements. The electroluminescence (EL) spectra for LED chips with Am- and
An-TiO; monolayers were measured at the fixed injection current of 20 mA, as shown in
Figure 5a. The effect on EL intensity of LED chips with Am-TiO, NS array is the strongest
among the three samples. The integrated EL intensity of the samples covered with An-TiO,
NS and Am-TiO, NS arrays exhibited enhancements of 1.3 and 7.9 times, respectively, over
that of the reference LED chips at 443 nm emission wavelength. Optical microscopy images
of emitted light obtained from LED chips with Am- and An-TiO, monolayer arrays are
shown in the inset of Figure 5a.
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Figure 5. (a) EL spectra of LED chips with An- and Am-TiO, NS arrays with an injection current of
20 mA. Emission images of LED chips are shown in inset. (b) L-I-V curves and (c) external quantum
efficiency (EQE) of LED chips with different TiO, NS arrays as a function of injected current (at
I=0~100 mA).

LED chip with Am-TiO, monolayer arrays showed the brightest emission intensity
and uniform emission area at a low current injection of 0.5 mA. These indicate that Am-TiO,
NS monolayers can dramatically improve the light extraction of LED chips. In addition, to
evaluate the LEE of the LED chips, light output powers (LOPs) —current-voltage (L-I-V)
were measured at the injection current ranging from 0 to 100 mA, as shown in Figure 5b.
The LOPs of the Am-TiO, NSs array/LEDs chip were higher by factors of 2.8 and 3.1 times
compared to the An-TiO, monolayer=coated LED chip and reference LED chip, respectively,
at 100 mA. This large enhancement in the LOP of LED chips with Am-TiO, NS arrays can
be attributed to the efficient propagation of light from the GaN layer to the TiO; NS and
superior mitigation of back reflection of light at the interface of TiOp NSs and air [32,33].
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The external quantum efficiency (EQE) of the LED chips with and without a TiO, NS
array at the injection current range of 0-100 mA were measured, as shown in Figure 5c.
Although there are efficiency drops in data as current levels increase, LED chips with
Am-TiO; NS arrays still showed higher EQE than other LED chips. EQE is expressed
as EQE = IQE x LEE, where IQE is the internal quantum efficiency and LEE is the light
extraction efficiency. The values of IQE of all blue LED chips are assumed to be the same
since they have the same epitaxial structure. Therefore, the improvement of the EQE of the
LED chips with the Am-TiO, NS arrays results from the increased LEE of the LED chips
atI =100 mA. The measured EQE from the samples covered with An- and Am-TiO,; NS
arrays exhibited enhancements of 1.1 and 3.1 times more than a bare LED chip, respectively,
at 100 mA. The EQEs of LEDs with Am-TiO, NS arrays exhibit a stable boost of 3 times
over LEDs with An-TiO; NS arrays over the entire range of injection currents applied
in this experiment. To design an adequate TiO, NS monolayer array on LEDs, various
parameters should be considered, such as the refractive index, crystal structure, and the
packing density of spheres. Among the considered parameters described here, we paid
special attention to the effects of the crystal structure of the spheres on the LEE of LED chips.
In order to theoretically evaluate LEEs of LEDs with respect to changes in the refractive
indices of used spheres monolayers, which can be modified by changes in the crystal phases
of TiO,, we used the 3-D FDTD simulation method.

Figure 6a—c shows the far-field intensity mapping of the reference LED and LED chip
with An- and Am-TiO, sphere monolayer arrays. It is apparent that emitted light was
trapped in the inner LED chip due to TIR resulting from the abrupt change in the refractive
index across p-GaN and air in the reference LED chip. However, the LED with An-TiO,
monolayer arrays shows that light was effectively diffused from the LED chip through the
An-TiO, NSs, as clearly shown in Figure 6b. Furthermore, the Am-TiO, monolayer array
can more effectively diffuse a significant amount of light from the LED through the NSs, as
depicted in Figure 6¢. Similar to far-field intensity, Figure S2a—c shows the cross-section
profiles of the power field for reference LED and LED chips with An- and Am-TiO, sphere
monolayer arrays. It is clear from Figure S2a that emitted light was trapped in LEDs due to
the abrupt change in the refractive index across p-GaN and air in the reference LED chips.
However, the LEDs with An-TiO; and Am-TiO, NSs monolayer arrays demonstrate that
light was effectively diffused from the LED chips through the NSs, as shown in Figure
52b and S2c, respectively. The enhancement of light extraction from LEDs with Am-TiO,
NSs arrays can be attributed to the increase in the escape probability of photons from the
LED as observed by simulation results. In addition, in terms of the escape angle of light,
light emission of LED mainly occurred between 10° and 20° as denoted by the red dotted
line in Figure 6a—c. The Am-TiO; monolayer array/LED shows the highest light-emission
intensity and brightest area among all samples. In addition, by comparison of the integrated
power field intensity for LEDs with different spheres of TiO, monolayers, LED chips with
An-TiO, monolayers and Am-TiO, monolayer arrays exhibited, respectively, 1.4 times and
1.76 times higher intensity than LED chips without any structures.

To further investigate the increased light extraction via Am-TiO, NS monolayers as
compared to An-TiO, NSs, we captured the evolution of traveling waves showing light
propagation with respect to changes in time, as shown in Figure 7. When we compared
the light extraction via different Am- and An-TiO, NSs, light propagation modes in Am-
TiO, NSs were more strongly concentrated on the apex than were those of An-TiO, as
denoted by yellow arrows in Figure 7j,d, respectively. The backscattering portions of light
in An-TiO, spheres remaining from escaping via the top of TiO, spheres toward GaN are
clearly larger than those of Am-TiO, as denoted by the red arrow in Figure 7f ], respectively.
Therefore, more photons can effectively escape from the apex of Am-TiO, NS concentrated
by the convex lens-focusing effects and propagated via Am- TiO, NSs to air from the LEDs.
This result further proved that the Am-TiO, NSs are more effective than An-TiO, NSs at
improving the LEE of LEDs.
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Figure 6. Far-field intensity mappings of (a) a reference LED and LEDs with (b) An-TiO, and
(c) Am-TiO, NS monolayers.

Figure 7. Evolution of travelling light via An-TiO, NSs (a—f) and Am-TiO, NSs (g-1) with respect to
change of time. The red arrows represent the backscattering from the interface of air/TiO; sphere
to p-GalN.

4. Conclusions

We successfully formed uniform monolayer arrays of TiO; NSs on LED chips via the
icing transfer method. After the transfer of TiO, monolayers with different crystal phases
onto LED chips, enhancements in the light extraction of LEDs were observed. The LEDs
covered with Am- and An-TiO, NS monolayers showed 3.0- and 1.05-fold enhancement of
LOP intensity, respectively, compared with the reference LEDs without the NSs at a fixed
injection current of 100 mA. The experimentally measured results are entirely consistent
with those of 3D-FDTD simulations, and the large enhancement in the optical output power
can be attributed to the superior suppression of the TIR and backscattering between the
GaN layer and air by Am-TiO, NS arrays and the concentration of light on the apex of
spheres within light propagation path. Based on our results, the transferrable uniform
arrays of Am- and An-TiO, NS monolayers will open a new path to improve the optical
performance of various optoelectronic devices, such as solar cells, photodetectors, and
LED chips.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13053042/s1, Figure S1: (a,b) Optical microscope image of the
TiO, nanosphere arrays on blue LED chip with Am- and An-TiO; nanosphere. (c,d) and (e,f) show
the SEM images of 500nm size Am- and An-TiO, nanosphere arrays on p-GaN substrate, respectively;
Figure S2: (a—c) FDTD simulation results of compares cross sections of the power field for general
planar LED and LEDs with Anatase-, Amorphous-TiO; sphere array (d,e) Anatase, Amorphous-
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TiO, single sphere cross section image; Table S1: Summary of synthesized TiO, nanospheres sizes
according to amount of the injected DIW.
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